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ABSTRACT: Slab-ocean aquaplanet simulations with thermodynamic sea ice are used to study the zonally symmetric
mechanisms whereby polar sea ice loss impacts the midlatitude atmosphere. Imposed sea ice loss (difference without and
with sea ice with historical CO2 concentration) leads to global warming, polar amplified warming, and a weakening of pole-
ward atmospheric energy transport and the midlatitude storm-track intensity. The simulations confirm an energetic mecha-
nism that predicts a weakening of storm-track intensity in response to sea ice loss, given the change of surface albedo and
assuming a passive ocean. Namely, sea ice loss increases the absorption of shortwave radiation by the surface (following
the decrease of surface albedo), which increases surface turbulent fluxes into the atmosphere thereby weakening poleward
atmospheric energy transport. The storm-track intensity weakens because it dominates poleward energy transport. The
quantitative prediction underlying the mechanism captures the weakening but underestimates its amplitude. The weaken-
ing is also consistent with weaker mean available potential energy (polar amplified warming) and scales with sea ice extent,
which is controlled by the slab-ocean depth. The energetic mechanism also operates in response to sea ice loss due to melt-
ing (difference of the response to quadrupled CO2 with and without sea ice). Finally, the midlatitude response to sea ice
loss in the aquaplanet agrees qualitatively with the response in more complex climate models. Namely, the storm-track
intensity weakens and the energetic mechanism operates, but the method used to impose sea ice loss in coupled models
impacts the surface response.

KEYWORDS: Sea ice; Atmospheric circulation; Energy transport; Storm tracks; Kinetic energy; General circulation
models

1. Introduction

Observations show rapid climate change in the Arctic such
as declining sea ice cover and warming (Graversen et al. 2008;
Screen and Simmonds 2010). While climate models in the
1970s predicted sea ice decline and Arctic amplification (AA)
of surface warming in response to a doubling of CO2 concen-
tration (Manabe and Wetherald 1975), many open questions
remain regarding the impact on other regions. A particular
region of interest is the midlatitudes (∼308–608 latitude)
where the dynamics are dominated by storm tracks and jet
streams (Cohen et al. 2014; Barnes and Screen 2015; Overland
et al. 2015; Francis 2017; Cohen et al. 2020).

A significant challenge to understanding the mechanisms
whereby observed Arctic climate change impacts the midlati-
tude atmosphere is the low signal-to-noise ratio (Barnes 2013;
Blackport and Screen 2020). Consequently, climate model
simulations have been used to quantify the signal and under-
stand the underlying mechanisms. State-of-the-art coupled cli-
mate model simulations have demonstrated several robust
zonally symmetric responses to imposed sea ice loss (response
to end-of-the-century sea ice conditions with historical CO2

concentration). For example, in response to sea ice loss there

is global warming, AA of surface warming, tropical warming
aloft, weakened poleward atmospheric energy transport,
weakening and equatorward shift of the eddy-driven jet, and
equatorward shift of the ITCZ (e.g., Deser et al. 2015;
Blackport and Kushner 2017; McCusker et al. 2017; England
et al. 2018; Screen et al. 2018; England et al. 2020; Audette
et al. 2021). However, other zonally asymmetric signals are
less robust, for example, the warm Arctic–cold Eurasia sur-
face temperature response (McCusker et al. 2016; Screen et al.
2018). While there are several robust zonally symmetric
responses, there are also many open questions regarding the
mechanisms and how the method used to impose sea ice loss
in coupled models (ghost forcing, albedo, or nudging) impacts
the response (Screen et al. 2018; Smith et al. 2019; Sun et al.
2020).

In reality sea ice loss is driven by a forcing, for example,
melting due to increased CO2 concentration. Sea ice melting,
increased CO2, and AA are quantitatively linked in observa-
tions and climate models (Screen and Simmonds 2010; Dai
et al. 2020; Feldl et al. 2020). However, the connection
between the midlatitude response to imposed sea ice loss with
historical CO2 concentration and sea ice loss due to melting
induced by increased CO2 concentration is unclear. In partic-
ular, the different CO2 concentrations could induce feedbacks
that make the responses different. McCusker et al. (2017) and
Oudar et al. (2017) showed the midlatitude response of tem-
perature, sea level pressure, geopotential height, and low-
level winds to imposed sea ice loss and global warming due to
increased CO2 were mostly linearly additive in equilibrium,
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implying the feedbacks were negligible. However, the impor-
tance of feedbacks for the midlatitude storm-track response,
including its linearity, have not been quantified. Furthermore,
it is unclear if the same mechanism controls the storm-track
response to imposed sea ice loss and sea ice loss due to
melting.

A useful tool for understanding mechanisms is the climate
model hierarchy (Held 2005; Shaw et al. 2016; Polvani et al.
2017; Maher et al. 2019). The midlatitude response to polar
amplification has been studied across the model hierarchy.
For example, previous studies have focused on the role of dry
dynamics (Butler et al. 2010; McGraw and Barnes 2016;
Ronalds and Barnes 2019), the stratosphere (Wu and Smith
2016), moisture and the Clausius–Clapeyron relation (Merlis
and Henry 2018), insolation conditions (Kim et al. 2018), time
scale of adjustment (Hell et al. 2020), and thermal structure
(Yuval and Kaspi 2020). While those studies demonstrated an
impact of polar amplification on the midlatitudes, they did not
connect the midlatitude response to mechanisms that depend
on sea ice parameters (sea ice thickness, extent, and surface
albedo) because their simulations did not explicitly include
sea ice.

Here we use slab-ocean aquaplanet simulations with ther-
modynamic sea ice from Shaw and Graham (2020) to under-
stand the midlatitude response to sea ice loss. The aquaplanet
setup allows for straightforward definitions of imposed sea ice
loss (difference without and with sea ice with historical CO2

concentration) and sea ice loss due to melting (difference of
the response to quadrupled CO2 with and without sea ice).
We focus on the midlatitude storm-track intensity response to
sea ice loss and use mechanistic frameworks to understand it.
We test an energetic mechanism that predicts a weakening of
storm-track intensity in response to sea ice loss given the
change of surface albedo (a sea ice–dependent parameter)
and assuming a passive (slab) ocean. We also quantify the
importance of feedbacks for the response to sea ice loss due
to melting. Finally, the aquaplanet response to sea ice loss is
compared to that from more complex models in the climate
model hierarchy.

2. Methods

a. Frameworks

To understand the midlatitude storm-track intensity response
to sea ice loss we use two complementary frameworks. The
first is the moist static energy (MSE) framework for storm-
track intensity (Shaw et al. 2018), which is based on the
annual-mean vertically integrated MSE budget of the atmo-
sphere in flux form [global mean removed, see (2) in Kang
et al. 2008]:

$ · FTE � $ · FRa 1 $ · FTF︸��������︷︷��������︸
�=·FNE

2 $ · FSC, (1)

where all terms have the unit of W m22, FTE � y ′m′[ ]〈 〉 and
FSC � ym[ ]〈 〉 are the MSE flux by transient eddies and station-
ary circulation (mean meridional circulation plus stationary

eddies), respectively, $ · FRa = Ra, $ · FTF = TF, and $ · FNE =
NE are in flux form (Ra, TF, and NE have their global mean
removed) where Ra is radiative cooling (difference of top of
atmosphere and surface radiative fluxes), TF is surface turbu-
lent fluxes (sensible plus latent heat flux), and NE is net energy
input to the atmosphere, 〈···〉 denotes a mass-weighted vertical
integration, [···] denotes a zonal average, and denotes a
monthly average. The global mean is removed to emphasize
meridional gradients (Kang et al. 2008; Donohoe and Battisti
2012; Shaw et al. 2018).

The equation for storm-track intensity [I(f) = 2pa cosf
FTE(f)] is obtained by integrating the MSE budget (1) from
the pole to latitude f and multiplying by 2pa (a is the radius
of Earth):

I f( ) � 2pacosf FRa f( ) 1 FTF f( ) 2 FSC f( )[ ]

� IRa f( ) 1 ITF f( ) 2 ISC f( ), (2)

where all terms have the unit of PW [see (1)–(4) in Shaw and
Graham 2020]. Consequently, a change in storm-track inten-
sity between climates (dI) can be written as

dI � dIRa 1 dITF 2 dISC: (3)

According to this framework, the change in storm-track inten-
sity (dI) is connected to the change in radiative cooling (dIRa)
and surface turbulent fluxes (dITF) and offset by the change in
the stationary circulation (2dISC).

The second framework is mean available potential energy
(MAPE), which is linearly related to vertically integrated
eddy kinetic energy (EKE) across a wide range of climates
with a constant rescaling factor c determined via a linear
regression (O’Gorman and Schneider 2008; Shaw and Gra-
ham 2020). According to this framework, the change in EKE
(dEKE) can be connected to the change in MAPE (dMAPE),
which can be decomposed into contributions due to barocli-
nicity (dBARO) and stability (dSTAB):

dEKE ≈ cdMAPE ≈ cdBARO 1 cdSTAB, (4)

where c = 4.0 and all terms have the units of MJ m22 [see
(13)–(15) in Shaw and Graham 2020].

The MSE and MAPE frameworks are complementary and
are applied diagnostically to quantify and understand the mid-
latitude storm-track intensity response to sea ice loss [quanti-
ties in (3) and (4) are (area weighted) averaged from 308 to
608]. In addition to the diagnostic approach, the MSE frame-
work can predict the storm-track response to climate change
given the climatology and changes in external parameters.
For example, Barpanda and Shaw (2017) and Shaw et al.
(2018) used the framework to predict the seasonality of
storm-track position and intensity (deviation from the annual
mean) given modern seasonal insolation. Barpanda and Shaw
(2020) used the framework to connect the hemispheric asym-
metry of storm-track seasonality to surface heat capacity
(mixed layer depth). Shaw and Graham (2020) used the
framework to predict the storm-track intensity response to
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snowball Earth conditions given the modern climate and the
Clausius–Clapeyron relation. These predictions give confi-
dence in our understanding of the underlying mechanisms.
Note we cannot predict the storm-track response a priori
using MAPE because it depends on temperature, which is not
an external parameter (it is part of the solution not part of the
input).

Here we predict the annual-mean midlatitude storm-track
intensity response to sea ice loss given the climatology and
the change in surface albedo. The energetic mechanism
underlying the prediction is summarized qualitatively using
energy box model schematics for hemispheres with and with-
out polar sea ice (Fig. 1). The box model does not account for
changes in the global mean climate since the MSE framework
(1) only depends on deviations from the global mean (changes
in the meridional gradient). The hemispheric box is divided
into a poleward side and equatorward side with the midlati-
tudes in the middle. In the box model the arrows represent
different forms of energy transfer (radiation, surface turbu-
lent fluxes, and advection). For simplicity, the box model
assumes the following: 1) sea ice is a perfect reflector of short-
wave radiation; 2) a passive (slab) ocean boundary condition
(no land), including thermodynamic coupling between the
atmosphere and ocean but no dynamic coupling; 3) the ocean
is a perfect absorber of shortwave radiation; and 4) radiative
changes are dominated by shortwave radiation (the change in
longwave radiation is assumed to be negligible).

In the climate with sea ice (Fig. 1a), shortwave radiative
energy transfer (orange arrow) reflects off of sea ice on the pole-
ward side of the box and is absorbed by the ocean on the equa-
torward side. Surface turbulent fluxes (blue arrow) are large on
the equatorward side and assumed to be negligible on the pole-
ward side of the box because sea ice limits the exchange of
energy with the atmosphere. Advection (purple arrow) transfers
energy from the equatorward to poleward side of the box consis-
tent with the equator-to-pole imbalance of net energy input to
the atmosphere (more energy input on the equatorward side).

In the climate without sea ice (Fig. 1b), shortwave radiation
is absorbed by the ocean, which drives increased surface tur-
bulent fluxes (evaporation) into the atmosphere on the pole-
ward side of the box. The shortwave radiation and surface

turbulent fluxes are similar to the climate with ice on the
equatorward side. Advection transfers energy from the equa-
torward to poleward side of the box; however, it is weaker
than for the climate with sea ice consistent with the weaker
equator-to-pole imbalance of net energy input to the atmo-
sphere. Thus, in response to sea ice loss (Fig. 1c) the atmo-
sphere gains energy on the poleward side of the box via the
increase of surface turbulent fluxes. Note there is no net effect
of the change in shortwave radiation because the change in
top of atmosphere fluxes cancel changes at the surface. As a
consequence of this increase of net energy input to the atmo-
sphere on the poleward side of the box, the equator-to-pole
gradient is weakened relative to the climate with ice and the
advection response is equatorward, that is, a weakening of
poleward atmospheric energy transport (advection arrow
changes direction in Fig. 1c). If we assume the midlatitude
storm tracks dominate the advection response, then the box
model predicts a weakening of storm-track intensity in response
to sea ice loss.

The energetic mechanism can be made quantitative as fol-
lows: At the surface, the mechanism assumes the surface tur-
bulent flux response to imposed sea ice loss balances the net
surface shortwave radiation response. Thus, the annual-mean
surface energy budget response to sea ice loss becomes

dTF � dSWs 1 dLWs 2 dNA (5)

≈ dSWs, (6)

where all terms have units of W m22; dTF is the surface tur-
bulent flux response; dSWs and dLWs are the net surface
shortwave and net surface longwave radiation responses,
respectively; and dNA is the nonatmospheric (NA) response.
NA processes include ocean and ice energy flux divergence,
that is, NA = O 1 I where O and I are the ocean and ice con-
tributions, respectively (see appendix in Kay et al. 2012). In
(6), dLWs and dNA are assumed to be negligible consistent
with the box model.

The net surface shortwave radiation response depends on
the surface albedo (as) and shortwave optical depth (ts),
thus

FIG. 1. Energy box model schematic of the climate (a) with sea ice, (b) without sea ice, and
(c) the difference, i.e., (b) minus (a). The orange, blue, and purple arrows indicate shortwave
radiation, surface turbulent fluxes, and advection (poleward atmospheric energy transport),
respectively.
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dTF ≈ dSWs � d 1 2 as( )SW↓
s

[ ]
� d 1 2 as( )e2tsSW↓

t

[ ]
(7)

≈ 1 2 as;ni
( )

e2ts;niSW↓
t 2 1 2 as;i

( )
e2ts;iSW↓

t , (8)

where the subscripts ni and i refer to the climate without and
with sea ice, respectively; SW↓

s is the incoming shortwave radi-
ation at the surface; and SW↓

t is the incoming shortwave radia-
tion at the top of the atmosphere, which is unchanged.

The predicted change in surface turbulent fluxes dTFp (where
the subscript p refers to prediction) given the climatology with
sea ice and the change of surface albedo (das = as,ni 2 as,i) and
assuming the change of shortwave optical depth follows the
change in surface albedo (ts,ni = ts,i 2 das) is

dTFp ≈ dSWsp ≈ 1 2 as;ni
( )

e2 ts;i2das( )SW↓
t

2 1 2 as;i
( )

e2ts;iSW↓
t (9)

≈ e2ts;iSW↓
t 1 2 as;ni
( )

edas 2 1 2 as;i
( )[ ]

, (10)

which is an increase of surface turbulent fluxes in the polar
region where das , 0.

Finally, following (3), the predicted change in storm-track
intensity is

dIp ≈ 2pacos f( )dFTFp f( ), (11)

where $ · dFTFp � dTFp and dTFp has its global mean
removed, assuming dISC ≈ 0 and dIRa ≈ 0. Thus, (10)–(11) predict
a weakening of the storm track in response to polar sea ice
loss because sea ice loss weakens the equator-to-pole gradient
of surface turbulent fluxes.

b. Simulations across the climate model hierarchy

As discussed in the Introduction, existing idealized climate
models (energy balance models, dry dynamical core models,
aquaplanet models without sea ice) do not include the neces-
sary ingredients to test the energetic mechanism (sea ice
boundary condition and surface turbulent fluxes, i.e., evapora-
tion). Here we introduce a model that is close to the minimal pos-
sible level of complexity to test the energetic mechanism, namely,
an aquaplanet with thermodynamic sea ice. We compare the
aquaplanet response to more complex climate model simulations.

1) AQUAPLANET

We use the ECHAM6 aquaplanet slab ocean (SO) model
developed by the Max Planck Institute for Meteorology (Ste-
vens et al. 2013), herein referred to as SO-AQUA. The cli-
mates with and without sea ice, herein referred to as ICE and
NOICE, are configured by enabling or disabling thermody-
namic sea ice in the slab ocean, that is, setting the namelist
parameter lmlo_ice to be true or false, respectively (Giorgetta
et al. 2013). The simulations are identical to those in Shaw
and Graham (2020) and have a seasonal cycle with modern
obliquity, modern greenhouse gases, and no ocean heat trans-
port. We decrease the slab-ocean mixed layer depth from

50 to 30 m. Note Shaw and Graham (2020) showed mixed
layer depths# 20 m produce a snowball Earth.

The SO-AQUA response to imposed sea ice loss is defined
as the difference without and with sea ice (NOICE–ICE) with
historical CO2 concentration (348 ppmv). Across the different
mixed layer depths, the response to imposed sea ice loss
(NOICE–ICE) involves a loss of ∼0.25–4 m of sea ice thick-
ness (Fig. 2a), decreased surface albedo (Fig. 2b), polar ampli-
fication of 2 m temperature (Fig. 2c), increased midlatitude
precipitation (Fig. 2d), and weakening of storm-track intensity
(Figs. 2e,f). Note the definition of imposed sea ice loss used
here conserves energy. It also does not require adding heat to
the model in order to melt sea ice. We choose the 45 m mixed
layer depth as the representative SO-AQUA climate (45 m
lines, Fig. 2) and compare it to the response to imposed sea
ice loss in more complex climate models.

We also examine the midlatitude response to sea ice loss
due to melting in SO-AQUA by quadrupling the CO2 con-
centration from 348 to 1392 ppmv. The climates with quadru-
pled CO2 with and without sea ice are herein referred to as
4xICE and 4xNOICE. The response to sea ice loss due to
melting in SO-AQUA is defined as the difference of the
response to quadrupled CO2 with and without sea ice
[(4xICE 2 ICE) 2 (4xNOICE 2 NOICE)]. Note sea ice
melts completely in SO-AQUA in response to quadrupled
CO2. In all cases the SO-AQUA simulations are run for 40
years with the results based on the last 20 years.

2) COMPLEX CLIMATE MODEL SIMULATIONS

We compare the ECHAM6 SO-AQUA response to the
ECHAM6 SO atmosphere general circulation model
response (Stevens et al. 2013), herein referred to as SO-
GCM. The SO-GCM ICE configuration includes a full land
model, seasonal cycle, modern greenhouse gases, 50 m
slab ocean, and imposed ocean heat transport. The ocean
heat transport is imposed as a qflux calculated from an
ECHAM6 Atmospheric Model Intercomparison Project
(AMIP)-type experiment. Following the SO-AQUA setup,
the NOICE SO-GCM climate is configured by disabling sea
ice in the slab ocean, that is, setting the namelist parameter
lmlo_ice to false and setting the sea ice fraction in the input
file to zero.

The SO-GCM response to imposed sea ice loss is defined as
the difference without and with sea ice (NOICE – ICE) with
historical CO2 concentration (348 ppmv). In SO-GCM the
response to imposed sea ice loss (NOICE – ICE) involves a
loss of ∼3 m of sea ice thickness (dashed line, Fig. 2a),
decreased surface albedo (dashed line, Fig. 2b), polar amplifi-
cation of 2 m temperature (dashed line, Fig. 2c), increased
midlatitude precipitation (dashed line, Fig. 2d), and weaken-
ing of storm-track intensity (dashed lines, Figs. 2e,f). We also
examine the midlatitude response to sea ice loss due to melt-
ing in SO-GCM by quadrupling the CO2 concentration from
348 to 1392 ppmv. Consistent with SO-AQUA, the SO-GCM
response to sea ice loss due to melting is defined as the differ-
ence of the response to quadrupled CO2 with and without sea
ice [(4xICE 2 ICE) 2 (4xNOICE 2 NOICE)]. In all cases
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the SO-GCM simulations are run for 60 years with the results
based on the last 40 years.

Finally, we compare the SO-AQUA and SO-GCM responses,
which only include thermodynamic coupling between the
atmosphere and ocean, to full ocean (FO) atmosphere gen-
eral circulation model simulations, which include dynamic
coupling between the atmosphere and ocean. We choose
two different FO models because they use different meth-
ods for imposing sea ice loss. The first FO simulations
were performed by England et al. (2020) using the
WACCM model, herein referred to as FO-WACCM. The
FO-WACCM ICE climate is a 350-yr-long simulation with
mid-twentieth-century (1955–69) sea ice conditions. The
NOICE climate is a 350-yr-long simulation with future
(2085–2099 in the RCP8.5 scenario) sea ice conditions (sea
ice loss in both hemispheres). Both the ICE and NOICE
simulation have historical forcings (historical CO2 concen-
tration). Following England et al. (2020) we discard the
first 100 years to focus on the equilibrium response. In
FO-WACCM sea ice is constrained using the ghost forcing

method of Deser et al. (2015). The ghost forcing is imposed
as a longwave radiative flux in the sea ice model (it does
not directly affect other components) to achieve the desired
sea ice concentration and volume in the different time periods
(see methods section of England et al. 2020). As discussed in
Screen et al. (2018), the ghost forcing method does not con-
serve energy.

The second FO simulations were performed by Blackport
and Kushner (2017) using the CESM model, herein referred
to as FO-CESM. The FO-CESM ICE climate is a 725-yr-long
simulation with radiative forcing corresponding to year 2000
(historical CO2 concentration). The FO-CESM NOICE cli-
mate is configured by altering sea ice albedo parameters in
the sea ice code that allow sea ice to absorb more shortwave
radiation and melt in both hemispheres (see section 2 of
Blackport and Kushner 2016). As discussed in Screen et al.
(2018), the albedo method conserves energy but the imposed
albedo may be unphysical. Since only monthly data are avail-
able for both FO simulations, we cannot directly quantify the
midlatitude storm-track intensity response.

FIG. 2. Annual-mean, zonally averaged (a) sea ice thickness, (b) surface albedo, (c) 2 m temperature, and (d) pre-
cipitation, and vertically integrated (e) transient eddy MSE flux and (f) EKE vs latitude in response to imposed sea
ice loss (NOICE 2 ICE) for SO-AQUA (solid) as a function of mixed layer depth (see legend) and SO-GCM
(dashed).
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3. Results

a. Response to imposed sea ice loss

We begin by quantifying the annual-mean, zonal-mean
response to imposed sea ice loss (NOICE – ICE) in the repre-
sentative SO-AQUA simulation (45 m mixed layer depth)
and compare it to the SO-GCM, FO-WACCM and FO-CESM
responses. The annual-mean response to imposed sea ice loss in
the SO-AQUA simulation includes

• global-mean warming (3.0 K),
• amplified tropical warming aloft and polar amplified warm-
ing at the surface (Fig. 3a),

• weakening of the near-surface zonal wind in high latitudes
(Fig. 3b),

• increased extratropical precipitation that is polar amplified
(45 m line, Fig. 2d), and

• weakening of storm-track intensity as measured by verti-
cally integrated transient eddy MSE flux (45 m line, Fig. 2e)
or EKE (45 m line, Fig. 2f).

All of these responses are in qualitative agreement with the
SO-GCM response to imposed sea ice loss. For example, in
response to imposed sea ice loss in SO-GCM there is global-
mean warming of 1.1 K and the temperature, zonal wind and
storm-track intensity responses are comparable (cf. 45 m to

dashed line in Figs. 2 and 3a–d). In addition, the SO-AQUA
and SO-GCM temperature and zonal wind responses qualita-
tively agree with the FO-WACCM response as shown in
Figs. 3 and 4 of England et al. (2018) and Fig. 1 of England
et al. (2020) and the FO-CESM response as shown in Fig. 4 of
Blackport and Kushner (2017).

STORM-TRACK INTENSITY RESPONSE TO IMPOSED SEA

ICE LOSS

The midlatitude storm-track intensity (vertically integrated
transient eddy MSE flux or EKE) weakens in response to
imposed sea ice loss in SO-AQUA across the different mixed
layer depths (black bars, Figs. 4a,b). When the weakening of
the midlatitude storm-track intensity is decomposed into dif-
ferent contributions following the MSE framework (3), the
surface turbulent flux contribution dominates (blue bars,
Fig. 4a). The contributions from radiative cooling (orange
bars, Fig. 4a) and the stationary circulation (red bars, Fig. 4a)
are small.

The predicted weakening of the midlatitude storm-track
intensity following the energetic mechanism, that is, (5)–(11),
is reasonably accurate (cf. dark and light blue bars, Fig. 4a).
This is consistent with the significant correlation between the
weakening of storm-track intensity and the sea ice edge in

FIG. 3. Annual-mean, zonally averaged (a),(c) temperature (contour interval is 0.5 K for SO-AQUA and 0.25 K
for SO-GCM) and (b),(d) zonal wind (contour interval is 0.25 m s21 for SO-AQUA and 0.125 m s21 for SO-GCM)
response to imposed sea ice loss (NOICE 2 ICE) for (a),(b) SO-AQUA and (c),(d) SO-GCM. The black contours
indicate the climatology with sea ice.
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response to sea ice loss across the different mixed layer depths
(open circles, Fig. 4c). Overall, the results demonstrate a
quantitative connection between the weakening of storm-
track intensity in response to imposed sea ice loss and surface
albedo (a sea ice–dependent parameter).

The weakening of EKE in response to imposed sea ice loss
is significantly correlated with the weakening of MAPE
rescaled by a factor of c = 4.0 (R = 0.99). The weakening of
MAPE (black bars, Fig. 4b) follows the change in baroclinic-
ity (red bars, Fig. 4b) rather than stability (blue bars, Fig. 4b).
The weakening of EKE is significantly correlated with the sea

ice edge (open squares, Fig. 4c). This reflects the significant
correlation between storm-track intensity defined using EKE
and the transient eddy MSE flux (R = 0.99).

The results suggest the weakening of the midlatitude storm-
track intensity in response to imposed sea ice loss in SO-
AQUA is diagnostically related to the increase of surface tur-
bulent fluxes in the polar region and to the decrease of baro-
clinicity (polar amplification). Next, we further examine the
assumptions underlying the energetic mechanism (Fig. 1) and
test its quantitative prediction, that is, (5)–(11), across the cli-
mate model hierarchy. Recall the energetic mechanism under-
lying the prediction assumes the surface turbulent flux
response to imposed sea ice loss balances the net surface
shortwave radiation response in the polar region because the
surface longwave radiation and nonatmospheric responses are
negligible. This weakens the equator-to-pole gradient of net
energy input to the atmosphere and thereby weakens the
poleward atmospheric energy transport and the storm-track
intensity.

The surface energy budget response to imposed sea ice loss
in SO-AQUA confirms the net surface shortwave radiation
response largely balances the surface turbulent flux response
in the polar region (cf. orange and solid blue lines poleward
of 608, Fig. 5a). The net surface longwave radiation and nonat-
mospheric responses are negligible in the polar region (green
and light blue lines, Fig. 5a). The predicted surface turbulent
flux response, that is, (10), captures the increase in the polar
region but underestimates its amplitude (cf. solid and dashed
blue lines, Fig. 5a). The underestimation occurs because the
predicted shortwave optical depth response is an overestimate
(|dts|, |das|, not shown).

The surface energy budget response to imposed sea ice loss
in SO-GCM agrees qualitatively with SO-AQUA. More spe-
cifically, the net surface shortwave radiation response largely
balances the surface turbulent flux response in the polar region
(cf. orange and solid blue lines, Fig. 5b) and the nonatmo-
spheric response is small (light blue line, Fig. 5b). However,
the net surface longwave radiation response in SO-GCM is
larger than in SO-AQUA (cf. green lines, Figs. 5a,b). The dif-
ference may be related to the vertical structure of the tempera-
ture response because the downward surface longwave
radiation response is smaller than the upward surface long-
wave radiation response in SO-GCM (they have a similar
magnitude in SO-AQUA). In particular, polar amplification in
response to imposed sea ice loss in SO-AQUA is trapped near
the surface, whereas it extends into the free troposphere in
SO-GCM (cf. Figs. 3a,c). The predicted response of surface
turbulent fluxes, that is, (10), in SO-GCM captures the
increase in the polar region (cf. solid and dashed blue lines,
Fig. 5b).

The surface energy budget response in the FO simulations
depends on the method used to impose sea ice loss. In particu-
lar, in FO-WACCM, where sea ice loss is imposed using the
ghost forcing method, the net surface shortwave radiation
response partly balances the surface turbulent flux response in
the polar region (cf. orange and solid blue lines, Fig. 5c). How-
ever, the nonatmospheric response is also important and partly
balances the surface turbulent flux response (light blue line,

FIG. 4. Annual-mean midlatitude (308–608) storm-track (a) MSE
(dI) and (b) EKE (dEKE) intensity response to imposed sea ice
loss for different mixed layer depths (x axis) in SO-AQUA. In (a)
dI (y axis) is decomposed into contributions from surface turbulent
fluxes (dITF), including its prediction (dITFp ), radiative cooling
(dIRa) and stationary circulation (2dISC) (see legend). In (b),
dEKE response and MAPE response (cdMAPE) where c = 4
decomposed into contributions from baroclinicity (cdBARO) and
stability (cdSTAB) (see legend). (c) Storm-track intensity response
in (a) and (b) to imposed sea ice loss vs sea ice edge (latitude where
the surface albedo change is less than zero). EKE intensity is
rescaled g = 4.
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Fig. 5c) but is opposed by the net surface longwave radiation
response (green line, Fig. 5c). In FO-WACCM the predicted
response of surface turbulent fluxes, that is, (10), captures the
increase in the polar region but underestimates its amplitude
because it neglects the nonatmospheric response (cf. solid and
dashed blue lines, Fig. 5c).

In FO-CESM, where sea ice loss is imposed using the albedo
method, the net surface shortwave radiation response largely bal-
ances the surface turbulent flux response in the polar region
(cf. orange and solid blue lines, Fig. 5d). The net surface longwave
radiation and nonatmospheric responses in the polar region are
mostly negligible, especially in the Northern Hemisphere (green
and light blue lines, Fig. 5d). The predicted response of surface
turbulent fluxes, that is, (10), in FO-CESM captures the increase
in the polar region (cf. solid and dashed blue lines, Fig. 5d).

The FO simulations show that the method used to impose
sea ice loss in coupled models significantly impacts the surface
energy budget response, in particular the nonatmospheric
response in the polar region. In FO-CESM, the nonatmo-
spheric response is mostly small in the polar region, particu-
larly in the Arctic (light blue line, Fig. 5d). In contrast, the
nonatmospheric response in FO-WACCM is large in the polar
region and mostly dominated by the ice contribution (maroon
line, Fig. 6). The ocean contribution is large around the sea ice
edge and is the opposite sign (purple line, Fig. 6). The ice
response reflects the ghost forcing in the sea ice model (see
section 2a; M. E. England 2021, personal communication).
(Note the ice response in Fig. 6 is nonzero outside regions of
sea ice because the global-mean was removed.)

The final assumption of the energetic mechanism is that the
increase of surface turbulent fluxes in the polar region weak-
ens the equator-to-pole gradient of net energy input to the
atmosphere and thereby weakens the poleward atmospheric
energy transport. Consequently, the storm-track intensity
weakens assuming radiative cooling and stationary circulation
changes are small. In SO-AQUA the surface turbulent flux
contribution dominates the weakening of storm-track inten-
sity (blue line, Fig. 7a). The radiative cooling and stationary
circulation contributions are negligible (orange and red lines,
Fig. 7a). The predicted weakening of storm-track intensity,

FIG. 5. Annual-mean, zonally averaged cosine-weighted flux form (each term has global mean removed) surface
energy budget response to imposed sea ice loss decomposed into net shortwave radiation (dSWs), net longwave radia-
tion (dLWs), surface turbulent flux (dTF) and nonatmospheric (2dNA) contributions for (a) SO-AQUA, (b) SO-
GCM, (c) FO-WACCM, and (d) FO-CESM. The blue dashed lines indicate the predicted surface turbulent flux
response (dTFp) [see (10)].

FIG. 6. Annual-mean, zonally averaged nonatmospheric (2dNA)
contribution to the cosine-weighted flux form (each term has the
global mean removed) surface energy budget response to imposed
sea ice loss decomposed into ocean (2dO) and ice (2dI) contribu-
tions for FO-WACCM.
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that is, (11), underestimates the actual weakening around 608
(blue dashed line, Fig. 7a) consistent with the underestimate
of surface turbulent fluxes in the polar region (blue dashed
line, Fig. 5a). The predicted weakening is more accurate when
(area weighted) averaged over midlatitudes (Fig. 4a) because
the polar regions have small area.

The surface turbulent flux contribution dominates the weak-
ening of storm-track intensity in SO-GCM (blue line, Fig. 7b)
and the prediction is fairly accurate especially in the Northern
Hemisphere (blue dashed line, Fig. 7b). In FO-WACCM and
FO-CESM the surface turbulent flux contribution also domi-
nates the weakening of poleward atmospheric energy trans-
port (blue line, Figs. 7c,d). However, the accuracy of the
predicted weakening depends on the method used to impose
sea ice loss. In particular, it is more accurate in FO-CESM
(dashed blue line, Fig. 7d), which uses the albedo method,
than in FO-WACCM (dashed blue line, Fig. 7c), which uses
the ghost forcing method. The accuracy of the predicted pole-
ward atmospheric energy transport response is tied to the non-
atmospheric response. The nonatmospheric response is large
and represents a weakening of poleward energy transport for
the ghost forcing method (light blue line, Fig. 7c), whereas it is
small and represents a strengthening of poleward energy trans-
port for the albedo method (light blue line, Fig. 7d).

The annual-mean response to imposed sea ice loss dis-
cussed above reflects distinct seasonal changes. More specifi-
cally, the seasonal response of the surface energy budget in
SO-AQUA and SO-GCM to imposed sea ice loss shows the

net surface shortwave radiation response occurs from spring
to summer in the polar region (orange lines, Fig. 8). In con-
trast, the surface turbulent flux response occurs from fall to
winter in the polar region (blue lines, Fig. 8). Ultimately, the
seasonal net surface shortwave radiation and surface turbu-
lent flux responses are coupled via ocean (surface) energy
storage (Co­Ts/­t, where Co is the ocean mixed layer heat
capacity and Ts is surface temperature; black lines in Fig. 8).
In particular, the shortwave radiation energy is absorbed and
stored in the surface from spring to summer and is released
back to the atmosphere via surface turbulent fluxes from fall
to winter. The seasonal response to imposed sea ice loss in the
polar region in SO-AQUA and SO-GCM is consistent with
previous coupled model results, for example, see Fig. 2 in
Deser et al. (2015), Fig. A2 in Blackport and Kushner (2017),
and Fig. 2 in Sun et al. (2018).

Seasonally, the weakening of storm-track intensity as mea-
sured by vertically integrated transient eddy MSE flux (col-
ored contours, Figs. 9a,b) or EKE (black contours, Figs. 9a,b)
in response to imposed sea ice loss is largest from fall to win-
ter in SO-AQUA and SO-GCM. The MSE intensity response
clearly follows the seasonal changes of the surface turbulent
flux contribution (Figs. 9c,d) consistent with the annual-mean
energetic mechanism.

b. Response to sea ice loss due to melting

The response to imposed sea ice loss discussed in the previ-
ous subsection was quantified as the difference without and

FIG. 7. Annual-mean, zonally averaged MSE intensity response to imposed sea ice loss (dI) decomposed into con-
tributions from the stationary circulation (2dISC), radiative cooling (dIRa), and surface turbulent fluxes (dITF) for (a)
SO-AQUA, (b) SO-GCM, (c) FO-WACCM, and (d) FO-CESM. The dark blue dashed lines indicate the predicted
surface turbulent flux contribution (dITFp ) in response to imposed sea ice loss given the climatology and change in
surface albedo [see (11)]. The light blue lines indicate the nonatmospheric contribution (2dINA) to the surface turbu-
lent flux contribution in response to imposed sea ice loss [see (5)]. FO-WACCM and FO-CESM data were not avail-
able to calculate all terms.
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with sea ice with historical CO2 concentration (NOICE–ICE).
In reality, sea ice loss is driven by a forcing, for example,
melting due to increased CO2. As discussed in the introduc-
tion, the response to imposed sea ice loss and sea ice loss
due to melting could differ because they occur at different
CO2 concentrations. In particular, the higher CO2 concen-
tration could induce feedbacks, for example, water vapor or
cloud feedbacks, that affect the mechanism underlying the
response.

Here we quantify the response to sea ice loss due to melting
defined as the difference of the response to quadrupled CO2

with and without sea ice [(4xICE 2 ICE) 2 (4xNOICE 2

NOICE)] and compare it to the response to imposed sea ice
loss. If the response to imposed sea ice loss and sea ice loss
due to melting are quantitatively similar then it implies feed-
backs are small, that is, if (NOICE2 ICE) ≈ (4xICE2 ICE)2
(4xNOICE 2 NOICE) then 4xICE ≈ 4xNOICE, and the
underlying mechanisms are similar. Furthermore, it would imply
that the response to quadrupled CO2 can be decomposed
approximately linearly into two parts: 1) the response to quadru-
pled CO2 without climatological sea ice (4xNOICE 2 NOICE),
herein referred to as global warming without ice; and 2) the
response to sea ice loss due to melting. In what follows, we
quantify both parts of the response and the linearity following
McCusker et al. (2017).

The annual-mean response to global warming without ice
in the SO-AQUA simulation includes

• global-mean warming (4.0 K, solid red line, Fig. 10a),
• amplified tropical warming aloft (Fig. 11a) and no polar ampli-
fied warming at the surface (solid red line, Fig. 10a), and

• strengthening of storm-track intensity as measured by verti-
cally integrated transient eddy MSE flux (solid red line,
Fig. 10b) or EKE (solid red line, Fig. 10c).

The SO-AQUA storm-track intensity response is in qualita-
tive agreement with the SO-GCM response to global warming
without ice (cf. red lines, Figs. 10b,c). The temperature
responses differ due to significant warming over land in SO-
GCM (cf. red lines, Figs. 10a and 11a,b).

The annual-mean response to sea ice loss due to melting in
the representative SO-AQUA simulation includes

• global-mean warming (3.0 K, solid blue line, Fig. 10a),
• amplified tropical warming aloft (Fig. 11c) and polar ampli-
fied warming at the surface (solid blue line, Fig. 10a), and

• weakening of storm-track intensity as measured by verti-
cally integrated transient eddy MSE flux (solid blue line,
Fig. 10b) or EKE (solid blue line, Fig. 10c).

All of these responses are in qualitative agreement with the
SO-GCM response to sea ice loss due to melting (dashed blue
lines, Figs. 10 and 11d).

In SO-AQUA the 2 m temperature (solid black line,
Fig. 10a), storm-track intensity (solid black lines, Figs. 10b,c),
and atmospheric temperature (Fig. 11e) responses are very
linear. Thus, the higher CO2 concentration during sea ice
melting does not induce significant feedbacks in SO-AQUA.
In SO-GCM the responses of 2 m temperature (dashed black
line, Fig. 10a), storm-track intensity (dashed black lines,
Figs. 10b,c), and atmospheric temperature (Fig. 11f) are not
as linear.

1) STORM-TRACK INTENSITY RESPONSE TO SEA ICE LOSS

DUE TO MELTING

We begin by quantifying the annual-mean surface energy
budget response to sea ice loss due to melting in order to test
the energetic mechanism in the presence of a higher CO2 con-
centration. We subsequently quantify the storm-track inten-
sity response. The surface energy budget response to sea ice
loss due to melting in SO-AQUA and SO-GCM confirms
the net surface shortwave radiation response largely balances
the surface turbulent flux response in the polar region (cf.
orange and blue lines, Fig. 12). Overall, the response to sea
ice loss due to melting (Figs. 12a,b) is very similar to the
response to imposed sea ice loss (Figs. 5a,b), hence feedbacks
in response to the higher CO2 concentration are small.

The midlatitude storm-track intensity (as measured by ver-
tically integrated transient eddy MSE flux) weakens in
response to sea ice loss due to melting in SO-AQUA and SO-
GCM (black lines, Fig. 13), which opposes the strengthening
in response to global warming without ice (red lines,
Figs. 10b,c). Interestingly, the weakening in response to sea
ice loss due to melting is dominated by dry static energy trans-
port in midlatitudes (there is little change in latent energy
transport, not shown). In contrast the strengthening in
response to sea ice loss due to melting is dominated by latent

FIG. 8. Seasonal response of the zonally averaged surface energy
budget in the polar region to imposed sea ice loss decomposed into
net shortwave radiation (dSWs), net longwave radiation (dLWs),
surface turbulent flux (dTF), nonatmospheric (2dNA), and ocean
(surface) energy storage (2dCo­Ts/­t) contributions for (a) SO-
AQUA and (b) SO-GCM.
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energy transport in midlatitudes (the change in dry static
energy transport is opposite, not shown).

When the weakening in response to sea ice loss due to melt-
ing is decomposed into different contributions following the
MSE framework (3), the change in surface turbulent fluxes
dominates (blue lines, Fig. 13). The contributions from radia-
tive cooling (orange lines, Fig. 13) and the stationary circula-
tion (red lines, Fig. 13) are small in midlatitudes. This
suggests that the equilibrium energetic mechanism explaining
the midlatitude response to imposed sea ice loss (Fig. 1) also
explains the equilibrium response to sea ice loss due to
melting.

2) TRANSIENT RESPONSE TO SEA ICE LOSS DUE TO

MELTING

The previous subsection established the equilibrium response
to sea ice loss due to melting is quantitatively similar to the
equilibrium response to imposed sea ice loss. As discussed by
Shaw (2019), quantifying the transient response to forcing is
another important tool for testing mechanisms. Here we test
whether the energetic mechanism operates transiently in
response to sea ice loss due to melting.

The transient response to sea ice loss due to melting in SO-
AQUA involves a rapid increase of net surface shortwave
radiation and surface turbulent fluxes in the polar region
and a negligible change in net surface longwave radiation
(Fig. 14a). The time scale of the response in the polar region
is consistent with the melting of sea ice, which takes approxi-
mately 6 years. The transient response in SO-GCM also
involves a rapid increase of net surface shortwave radiation

and surface turbulent fluxes; however, the net surface long-
wave radiation response is larger (Fig. 14b). The time scale of
the response in SO-GCM is slightly longer than SO-AQUA,
consistent with a longer time scale for the melting of sea ice,
which takes approximately 10 years in SO-GCM. Overall the
transient surface response to sea ice loss due to melting is con-
sistent with the equilibrium surface response to sea ice loss
(see Figs. 5 and 12).

The storm-track intensity weakens transiently in response to
sea ice loss due to melting in SO-AQUA (black lines, Fig. 14c).
The transient weakening follows the surface turbulent flux con-
tribution in the MSE framework (blue line, Fig. 14c). The radi-
ative cooling (orange lines, Fig. 14c) and stationary circulation
(red lines, Fig. 14c) contributions are small. A similar transient
response to sea ice loss due to melting is seen in SO-GCM
(Fig. 14d). Overall the results suggest the energetic mechanism
operates transiently in response to sea ice loss due to melting.

4. Conclusions and discussion

a. Conclusions

Slab-ocean aquaplanet simulations with thermodynamic
sea ice are used to study the zonally symmetric mechanisms
whereby polar sea ice loss impacts the midlatitude atmo-
sphere. Our conclusions are as follows:

• The response to imposed sea ice loss (difference without
and with sea ice with historical CO2 concentration) includes
global warming, polar amplified warming, weakening of
poleward atmospheric energy transport, and the midlati-
tude storm-track intensity.

FIG. 9. Seasonal response of zonally averaged (a),(b) vertically integrated transient eddy MSE flux (colored con-
tours, interval: 0.1 PW) and EKE (black contours, interval: 0.025 MJ m22) storm-track intensity and (c),(d) surface
turbulent flux contribution to MSE intensity (colored contours, interval: 0.1 PW) to imposed sea ice loss for SO-
AQUA (left) and SO-GCM (right).
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• The weakening of the midlatitude storm-track intensity in
response to imposed sea ice loss is consistent with increased
surface turbulent fluxes in the polar region (decreased
equator-to-pole gradient of net energy input to the atmo-
sphere) and decreased MAPE (decreased baroclinicity due
to polar amplified warming). The changes in radiative cool-
ing, stationary circulation, and stability do not contribute
significantly to the weakening.

• The simulations confirm the following energetic mechanism
that predicts a weakening of storm-track intensity in
response to imposed sea ice loss assuming a passive (slab)
ocean. Sea ice loss decreases the surface albedo in the polar
region thereby increasing the absorption of shortwave

radiation at the surface, which drives an increase in surface
turbulent fluxes into the atmosphere. Consequently, energy
input to the atmosphere in the polar region increases,
thereby weakening poleward atmospheric energy transport
and the storm-track intensity. The quantitative prediction
underlying the mechanism, which assumes the change of
shortwave optical depth follows the change in surface
albedo, captures the weakening but underestimates its
amplitude.

• Consistent with the energetic mechanism, the weakening of
storm-track intensity in response to imposed sea ice loss
scales with the sea ice edge (latitude where the change of
surface albedo is less than zero), which is controlled by the
slab-ocean depth.

• The equilibrium response to sea ice loss due to melting
(difference of the response to quadrupled CO2 with and
without sea ice) is very similar to the response to imposed
sea ice loss. This suggests that feedbacks in response to the
higher CO2 concentration do not significantly affect the
midlatitude storm-track intensity response. The weakening
of storm-track intensity in response to sea ice loss due to
melting opposes the strengthening in response to global
warming without sea ice.

• The energetic mechanism explains the equilibrium and
transient response to sea ice loss due to melting.

The aquaplanet results above were shown to be qualitatively
consistent with the response in more complex climate models.
In particular, the energetic mechanism operates qualitatively
across the model hierarchy (even in the presence of dynamic
coupling between the atmosphere and ocean). More specifi-
cally, in the polar region the surface turbulent flux response to
imposed sea ice loss is mostly balanced by the net surface
shortwave radiation response, and the change in surface turbu-
lent flux dominates the weakening of storm-track intensity
across the model hierarchy. However, in coupled climate mod-
els the method used to impose sea ice loss impacts the surface
energy budget response and the accuracy of the quantitative
prediction underlying the energetic mechanism. In particular,
the prediction is more accurate when the albedo method is
used to impose sea ice loss because it involves a small nonat-
mospheric response to sea ice loss in the polar region. The pre-
diction is less accurate when the ghost forcing method is used
because it involves a large nonatmospheric response to sea ice
loss in the polar region. Overall, the results show aquaplanet
simulations with thermodynamic sea ice are a useful tool for
understanding the mechanisms underlying the response to sea
ice loss in more complex climate models. They fill an important
gap in the climate model hierarchy for understanding the inter-
action between polar climate and the midlatitude atmosphere.

b. Discussion

Slab-ocean aquaplanet simulations with thermodynamic
sea ice qualitatively capture many of the responses to imposed
sea ice loss in more complex climate models, that is, global
warming, polar amplified warming, weakening of poleward
atmospheric energy transport, weakening and equatorward
shift of the eddy driven jet, and equatorward shift of the

FIG. 10. Annual-mean, zonally averaged (a) 2 m temperature
and vertically integrated (b) transient eddy MSE flux and (c) EKE
response to global warming without ice (4xNOICE 2 NOICE,
red), sea ice loss due to melting [(4xICE 2 ICE) 2 (4xNOICE 2

NOICE), blue] and the nonlinearity (4xICE 2 4xNOICE, black)
for SO-AQUA (solid) and SO-GCM (dashed).
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ITCZ (e.g., Deser et al. 2015; Blackport and Kushner 2017;
McCusker et al. 2017; England et al. 2018; Screen et al. 2018;
England et al. 2020). In addition, the aquaplanet simulations
capture the tug-of-war on storm-track intensity between sea
ice loss and global warming (dominated by water vapor feed-
back) seen in complex climate models (Harvey et al. 2014;
Barnes and Screen 2015; Harvey et al. 2015; Shaw et al. 2016;
Audette et al. 2021). The tug-of-war also occurs for poleward
atmospheric energy transport consistent with coupled climate
models (Hwang and Frierson 2010).

The linearity of the zonally symmetric midlatitude storm-
track intensity response to imposed sea ice loss and sea ice

loss due to melting is consistent with the linearity reported in
coupled climate models (Oudar et al. 2017; McCusker et al.
2017). Since the zonally symmetric aquaplanet configuration
has helped to uncover the zonally symmetric mechanisms
whereby sea ice loss impacts the midlatitudes, future work
could focus on using the aquaplanet to simulate and under-
stand the zonally asymmetric response to sea ice loss, for
example, the warm Arctic–cold Eurasia pattern (Screen et al.
2018; Labe et al. 2020).

The slab-ocean aquaplanet allows for thermodynamic coupling
between the atmosphere and ocean but neglects dynamic cou-
pling. Consistent with previous work, thermodynamic coupling is

FIG. 11. Annual-mean, zonally averaged temperature response to (a),(b) global warming without ice (4xNOICE 2

NOICE, contour interval: 1 K), (c),(d) sea ice loss due to melting [(4xICE2 ICE)2 (4xNOICE2 NOICE), contour
interval is 0.5 K in SO-AQUA and 0.25 K in SO-GCM] and (e),(f) the nonlinearity [4xICE 2 4xNOICE, contour
interval as in (c) and (d)] for SO-AQUA (left) and SO-GCM (right). The black contours indicate the climatology
with sea ice.
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sufficient to qualitatively capture many of the responses to
sea ice loss (Deser et al. 2015, 2016; Tomas et al. 2016; Wang
et al. 2018). In the presence of dynamic coupling between the
atmosphere and ocean, the results show the energetic mecha-
nism still operates, however, the accuracy of the prediction
underlying the mechanism depends on the method used to
impose sea ice loss in coupled models. The prediction is more
accurate when using the albedo method and is less accurate
when using the ghost forcing method. More work is needed
to understand whether this is related to the fact that the
albedo method conserves energy whereas the ghost forcing
method does not (Screen et al. 2018). Sun et al. (2020)
showed one can simulate similar atmospheric responses (tem-
perature, surface pressure, precipitation) using the different
methods; however, they did not compare the surface short-
wave radiation, nonatmospheric, and storm-track responses.
Even if one can simulate the same response to sea ice loss
using different methods it is still important to understand the
underlying mechanism. It is unclear what mechanism under-
lies the imposed ghost forcing in the ice module. Future work
should focus on better understanding how each method of
imposing sea ice loss impacts the energetics of the atmo-
spheric and oceanic response to sea ice loss, particularly in
the Arctic Ocean (Timmermans et al. 2018; Timmermans and
Marshall 2020).

Previous work by Kim et al. (2018) showed there was no sig-
nificant annual-mean polar amplification of surface tempera-
ture in response to doubled CO2 in an aquaplanet with a
seasonal cycle and no sea ice. Consistently our aquaplanet sim-
ulations with a seasonal cycle show that in response to quadru-
pled CO2 annual-mean polar amplification emerges only with
climatological sea ice. Furthermore, our aquaplanet results
show that significant latent energy transport into the polar
region is not a necessary or sufficient condition for polar amplifi-
cation. Finally, the importance of sea ice for polar amplification
is consistent with recent work that highlighted the annual-mean
near-surface climatological inversion in the polar region only
occurs in the presence of sea ice (Miyawaki et al. 2022) and that
sea ice melting and Arctic amplification are connected in reanal-
ysis data and coupled climate models (Screen and Simmonds
2010; Dai et al. 2020; Feldl et al. 2020). Since sea ice loss due to
melting can be constrained by sea ice albedo using modern satel-
lite and reanalysis data (Thackeray and Hall 2019), future work
will focus on leveraging the connection between sea ice and the
midlatitude atmosphere.
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FIG. 12. Annual-mean, zonally averaged cosine-weighted flux
form (each term has the global mean removed) surface energy bud-
get response to sea ice loss due to melting decomposed into net
shortwave radiation (dSWs), net longwave radiation (dLWs), sur-
face turbulent flux (dTF), and nonatmospheric (2dNA) contribu-
tions for (a) SO-AQUA and (b) SO-GCM.

FIG. 13. Annual-mean, zonally averaged MSE intensity response
(dI) to sea ice loss due to melting [(4xICE2 ICE)2 (4xNOICE2

NOICE)] decomposed into contributions from stationary circula-
tion (2dISC), radiative cooling (dIRa) and surface turbulent flux
(dITF) for (a) SO-AQUA and (b) SO-GCM.
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